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Parallel Architecture for Visual Servoing Applications
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Abstract: Recent improvemnents in the field of image processing and robot control allow us 1o
hope that using vision data directly in a closed loop control approach is no more an utopic way. ‘Lhis
approach 15 often referred as visual servoing (12| or sensor based control [1). The work described n this
paper deals with the anage Processing pmh]ums osccuring wilth such an approach.

After having briefly recalleal the prneral problemn of vision based i;.:in;roL we emphasize the con-
sequencies on the arclutecture of the vision system. We point out the major difficulties induced by
real ime constraimis and the processing of large datafiow from the sequence of unages. An onginal
visan aystem (WINDIS) based on a modular and parallel architecture concept which has besn specially
dﬂ!iﬁhﬂd for visien bassd contial ﬁFJpI]I.-I.T.;tiIIH.' in Lhen [lrnruwﬂ and detailed, F“.nﬁﬂ}' some resulta in
mmulation are presented and future trends will be avaked.

1  Vision Based Control

Tacent advances in vision sensor Lechnology and vision processing now authorize the use of vision data
az feadback in & closed loop contral scheme. Thia npprnu_'h 12 often referred as visual servoling []2]
ar vimon based control I-ﬂ We can diatinguiah two dilferent wayn Lo perform vision based control
applications |13]: an imdirect scheme hased on a 3D position serveing, and a direct ane based on &
visual servoing:

¢ A0 Parition .‘_ii:ruuijlg. Lhe Lask consists Lo bring the camera to a deaired podition ¢, which
meany desired location and attitude between the caunera and a frame linked to the environment
(sew Figure la). At each iteration of the contiol loop, an mlimate 7 of the actual position has
to be achisved from the vision data by building a 30 model of the scene. This acheme works in
open loop with respect to vision data and cannol take into account sudden or large variations
of the enviromment, inaccuracies and uncerlainties occuring during the |4'r|.H;|='m'||||5. Furthermare,
such an approach oeeds to perfectly identify all the 3D models (sensor geometry, enviromment
and robot models).

& Visual SBervoing: in this appreach, the task is directly specified in terms of regulation in the
umage: |see Figure 1b). This requires the design of & a6t & of visual features which are sufficient
and relevant for the completion of the task. Thus, a closed loop can be really performed from
vision data, which allows to compansate for the perturbations lay uains a robust conirol scheme,
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a) a0 Position Servoing b)) Visual Servoing

Fignre 10 Vision Based Control Schemes



The woark deseribed 1n this Paper deals with the visual m,-.rw_ﬁng ;Lppri;mch_ It 13 PHT-IEU]I-T].}' waell
suited when the task can be expozsd i a natural way as a regulation of the attitude (position and
oncutation) belween a frame linked to the camera and a frame linked Lo the scene Many application
ficlds involve this kind of task . automatic velucle puelance, space rendezvous and decking, targs
Lracking, and | in a more E."—'nﬂ'fﬁj woy, geveral robolics a,ppliut.ians. The base idea consisls Lo ASFUITIE
that & task i3 complatad and well performed when a desired image of the scene corresponding Lo a
particular viewpoint of the camera, has been reached. Implementing a visual servoing application
needs Lo salve several Px'ﬁl'f]t‘:l'lm. Tt a firsl slep, we have to ﬂpntlf',-' the task in terme of Iign.ﬂﬂ. Lo
be controlled in the wnage. The second step requires the choice of the inage processing methods for
extracting these signals, The last atep conmsls Lo incorporate the informasions irom the vision RYALAMT
i s robast sehiesme perlorming the control of the motion of the camera. Concerning the first and the
lnst napeels, we referred the readeis o previaus papera [0], [?1 In the preseat paper, we focus un the
peculiar and difficull. problem of image processing with regard to the visual servoing approach. From
this point of view, the main constraints which we Lave o deal wilh are Lhe fa:-lic-wing z

¢ Timing aspect : Tn a vigual servong scheme, the sampling rate of the closed loop control is
direcely given by the image procesing Lime consuming Moreover, 1o ensure the performancies
of the wmitrol, this sampling rate has to be sufficiently high. For the most current applicnt.mng
i visual servoing, a rate of 10 tnages per second can be considered as the lower limit.

s linage processing sspect : lon & scene analyss approcch, Lthe man goal 13 to gev high lesvel
description of a scene by meana of sophisticated bme consuming algorithuw. Conversly, in a
visual SOTVOINE HPPﬂJlﬂhh we want Lo Gl‘if}' extiact fionm Ll unage Lhe necessary and sufficient
intormations which ensure stability and convergence of the control echeme. Due to this facl,
win anly request low or intermediate leveis processing providiag contour based or region based
features like points. lines, areas, canter of gravily and so on. Moreover in the most cases, these
features are locatesd in somue regions of interest and then, the procesaing of the whale image 10 not
IS THET

# Tracking aspect @ The leatures extracted from the image have to be tracked along the sequence,
We have also to take into account appearing and disappearing features due to the motions of the
camera and ubjects in the scone.

These requirenenta mvolve Lhe vse of specific hardware and software archileciores having powerfull
real time capabilities and modularity. Preseatly, only a few aveilable industrial pr-:-dur:t may md.inf_'.r
thege constraints with relatively low performancies with regard to their high wmt. Concerning research
products, a new Eroeration of image processing syelems appears using ‘U'ransputer neiz 3], DEP pro-
cessors, of dedicated processor like Sympadi [11]. Unfortunately, these systems are often designed for
general trends in image processing and do not take into accounl specificities of the visual servoing
approach. Due to this fact, we developped a new architecture (hardware and software) specially desli
catenl to this kind of applications. Qur approach consists 1o splil. the problem in two levels. The fiest
one 15 devoted to the tracking of Teatures along the sequence by means of active windows associated
te the regrona of interest. ‘The second onc is to attach to thew windows some dedicated 1mage pro-
cessinge (hard and soft) which perfonn the extraction of the desired feature into each window. Similar
approaches can be found in {TL [5] Crar work ie based on two onginal concepls

s Active window : A rggion of interesl. in defined 1n the image by 1ts geometric parameters ; the
coordinates of ils center and ils smize values. We add to this description twoe symbalic parameters
descriing Lhe vype of feature into the region of interest and a label which will he propagated trom
ane image 1o the next during the tracking along Lhe sequence. For simplicity reasons, cach PEEI0n0
of interest is modelled by & reclangular window defined by (z,,y,, csrze, yoze, feature, label).
I the most current applications in visual servoing, we will have to track a lew window (less than




16) but the parameters of the winduw could have large changes along the ssquence (ie, in an
assembly task, we detect a hole in the border of the image and wanl o center it in fullscreen).
The management of the active windows along the sequence is implamented as a recursive filtering
using knowledge aboul the camera mouen for updating the windows parameters,

Image processing : As previously noted, we anly addeess the problem of low or intermediale
processing levels pr*:l‘lﬂ':idllll.l; annple prometric fratures. This kind of Pt‘s:u‘.imaillgl invelve Lwa steps
The fizet one is uflen relerred as a segmentation step and conmets of partitioning the pixels in the
window in cohercnt sets (with respect Lo a criterion). This partitioning uses only loeal properties
in the image and can be, i many cases, implemented ax a convolution between a precampi ted
mask (generally 3X3 or 5X5) and the imnage. This step can be peiformel in real time with a
delay directly function of the sise of the mask, The input of the algorithm 18 the active window
and the values of the mask parameters corresponding to the desired processing. The output will
be constituted by a lisi of pixels potentialy candidates to the peometric primitive. This fiest
slep can be seen as a aplitting stage. The second step consists of mes ging Lhe pixels in the list
to abtain a represeniation of the geometric primitive like slope and distance to the origin for a
line or coordinates af center and radius for a circle. Diffsrent methods can be used Lo perform
this slep. We investigate three of tham : space transform approaches like Generalized Hough
'T'T'H-!JH’HH'H. Mcan $JUars metheds and recursive ﬁ]l-l':l'mg (H.ill"ﬂln.l.

2 Overview of the System Architecture

'\‘flﬂUlﬁ B.I'Ellil.ﬂ‘.l'llﬂ' Iiﬂ Tlﬂ.".ll['.'“'“]unj il HIIJ_'L' levirls n““ﬂ;ﬂr_‘." 1o l'-“rl‘rﬂ. V il]!ﬂl role processings FI;U.I‘:
2 F,i‘-"l"l'l the ayaicm Eﬂl'lﬁ,E'Ll?-thﬂ- We have defined several anmyah_-n::&'

» Window Distributor Subsystem (level 1): this module has in charge the window extraction,
the execution of law level processing and the distribution of windows, Window distribulion
consists o digpatch list of selected pixels and groy levels Lhrough the window bua.

Window Processing Subsystem (level 2): we have associaled one to sixteen DSP modules
with ane ditributer modula D5P modules are put LogeLher on mother bowrds and execule medium
level processing on windows. Window precessing madules provide a geomelrie description of the
acarched primitive in cach window.

Window Manager Subsystem (level 8): window manager controls distributor and DSP

modules, and executes ligh level porcessing of applications tasks. A G80:30/40 based cpu board
implaments Lhis module,

For each level, we have introducs parallslism n]lﬂwmg us o reach video rate for moat of applicalions
Lasks.
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& Mixed architecture . Luw level i buill as o MIST {Mnh.:pln Instruction Single Data) machine
with iegard Lo Lhe dilferent active windowa and allows us 1o pertorm eticiently procesalngs ik
vanvalubion which are Ff‘|\f'l|f-i\'!‘ thﬁﬂ.ﬁ]'l the window. Intermediate level ix inplemmnled an a
MIMLY (Multiple lnstruction Multiple Data) architecture and anlhorize Aexibility with respect
o Lhe application: the same processing can be executed on the whole set of the window or,
conversely, diflerent processings can be anplind to tha aame aea To reach efliciency, al each
procesamng level, Lhe memary banks have been duplicated and multiplexed; the first bank stores
daitaa [rom the previous level while the second supplios data for the processing in progreas.

Modular architecture @ According to the number of reglons of interest, their sive and Lhe
desieed vime for the proeessing, the hardware and software capabalibies have o be moduolated
In the proposed architectire (WINDIS), o single low level can drive one to sixtesn intermediaie
lewel modules and thio clementary strocture ean be duplicated if necessary. Moreover, several
areas of inlerest can be processed by a same inbermediats module and a dynamie distribution
managernent s s Lo oplimize Lhe processing Lime

L‘-'ynamic windows imanagemenl archilecture « In dynamic vision Pfﬂbltl‘ﬂi. the sress and
Lhet locations of the windows are time v.u,-.'ing, Mtutﬁn‘m, [esaleires can AppEar nnﬂ d:snppen: 1Th
the inage due to the moton of Lhe camera or of Lhe objects 1in the scene, These requirements are
fully supported in WINDIS architecture. A mechanism of prediction and eslimalion of the corrent
parameters of Lhe windows s ]'lrnx"lrllr_-.d IL".'!" the h|gh level module and allows us to reactualize all
the parameters of the different processings attached to a window in real time Note that the
efficrency of this mecaniam is J.'.lu.ill[y dus to Lthe ru:'.r]il.y of simultanrous Programming of low level
parameters aml disbrbubion ol the windows an the intermediate level modules.

According to this approach, we have designe] a prototype vermon of WINDIS | figure 3 ) including:
= e Fi,"ID videw hlj‘.ll:i-] wunversian board
one Window digtribytor board
one Window prrocessng by atem
one epy board




AL vime, we have designed window distribution and processing modules. Their Tunebionalilios are
nenw cheda lead

LOCAL SYSTEM BUS ( VAK )

CEENCTE]

AYSTEM BUS | VME )

Figure 3: Developped sysiem

4  Description of the Different Subsystems

The Window Distributlion Subsystem

The fonctienalivies of Lhis module are Lhe [ollowing: image data storage, lowr level procesning oo Lhe
whaole window and distribution of list of selected pixels potentialy candidates to geoimetne primmbive. AL
the same ume, window distributor dispatche grey level pixels of processed - or nol - windows Lhraugh
the winduw lnas. Windoew distnboior module (figure 4) consist on 2 standard VME/ V5B board which
includes four 9t DREH

o Dats storage: At video rate, image memory stones anage (M) while window memory provides
winidows from wnage (N-1) which are processed and dispatched through the window bus. At sach
video frame cycle, image and window memorie datas banks can swapp. Size of this memories is
fixead to 2OGIaN Lits

Low level processing: Windows controler sends extracied windows 1o low level processing stage
where two l"hl|‘l"l [i:\'l‘:: All0 from |Nﬂﬂﬂﬁ] can execute one of the four ruliuwum_ provesings al
video rave 1D convelution, 353 or 528 wamvalulion, or two %% convolutions in parallel.

Decision: For each windows, to extract a list of pixels candidates 1o prometnc primitive, we
program a selection oriterion. Decision resulls from a tresholding which can be single, double
tinfmas ) or wikh hyateresis: fuily programmable logic implements these fonctionalities. Tn
addition, thie stage allows to detect maxinum and mmimmum grey levels on the whele window or
row by row




s Distribution: Grey levels of privcmie] - or nol windows are send to the DSP madules through
the window bus. Al the same Lime, the coordinates generation unit (C.6G.A1) dispatchs list of the
adldreas of pixels belonging to the prindtive
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3.2 The Window Processing Subsystem

The: windaw processing subsystem consists in a VME boand supporting up to four SF modules which
can be plugged on it . Figure 5 copresenia a general overview of the window processing xubmystem
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VME Board The VM hoard receives the window data from the Window Distribution Subsystenm
through the window bus. One or mare DSF modules of a seiected board may sunultaneously recsive

the window Jata




The board also has o 256K by 32 bits sharad memory used by the DSP modoles and the VME host
to communicate. Is aleo has VME master slave inlerface and ean generate a single VME intercapl
The VME interrupt level and veetor arve fully programmabla.

D3I modules A DSP module (Figure 8) 13 based on the DSPS6002 wignal processor running at a
33 Mhe clock. The madule has twe window data alorage arcas, a local 258k by 32 bits eIy far
program and intarnal data storage

Window data 1 | |

=,

Window data 2

Loeal A bus i Wikidow dal

1"i,|:ure 6. DSP module

The DSP processor has two external general purpose buses (A and 1) that can be used as data or
program buses, The mapping of the thes address spaces uoed for data and programs of the D5I* can be
separately done on each Lus, The DESP module architecture takes advantage of the internal parallelism
of the DSP9GO02 Ly roubing Lhe program and the image datas on two ssparale bhuses, The two window
data areas provide a way of pipelining the DSP aclivily. AL any time, one area is filled with the datas
of one i more windows, while the other is processed by the DS, The swappiog belween Mhie Llwo areas
i externally controlled by window manager when the DSP module is ready Lo process new data and
vhere i3 oo running diatriliatiom. The swapping 19 realized by a siate machine activated by an external
socasd to a dedivales] address on the A bus,

3.2.1 Mﬂl.ﬂ Areas

The two window data areas of & module are made ol

& 5 256K by 8 bits meinory used Lo store the window pixels information, sequentially distributed
windows will be placed at increasing addresses. This memory 13 wrnitien by the window distribu-
vien and read Ly the DSPR60ON2

& 16K(32ZK) by 18 bita FIFO memory used to store the X Y coordinates of the pineln af interest
n the window. These pixels are determined by the low level sysiem alter same filtering or edge
detection. The X Y coordinates are absolute in the image and coded on 9 bita. Pixels of interest
af subsequent windows are alse store in tha fifo.

i LK by 1 ats fifo memory used to store the actual number of pixels of interest, for each disteibuted
window

Wh":‘“ Lne Swapplr:g ol the two windaw data arcas occurs, Lthe new dlﬂtrib-ul,@d ﬁ":‘ﬂ ud a.ddj,ﬁﬂ_ﬁ.
gerisraliun unik are cleared




3.2.2 Data path

There are three puni.l.llr. s AL ion e

& I'rom the Distribution lms: The data coming from the window bus are write only, thay can
b direcled simultancously to the currently distributad window data area of one or more DSP
modules.

& From the VME bus: A VME bus requester can access the shared memary on the VME board
bul also the module local memeory (Le. for program downloadiog) and the awapping state machine
of sach module. The DSP Hosl Interlace is also accessible by a VME rexpussier

o From the DSI9#6002: The DSP can accesa (Lypically read) the window data which are con
nected to the B port. From the A port , the DSP can access the lucal memory without any bus
arbitration, the common mamory, or become 2 VME bus master.

To insure a masimum efficiency, the A local buses of cach module are isolated from each other. The

bus arbitealion sequence cnly occur when a NSP meoddule wishes 1o take the common bus or when a
request o the medule local resources is done

3.3 The Window Manager Subsystem

Window manager :iul.m_vnl.mrl in a waflware computed on a ﬁEUHUfﬂU cpu board, it provides two kind of
conbil

* Window distribution control: for each window, window manager delines and programs differ-
ent, parameters as window size, window position, low level processing pararneters, and selection
criterion. Window manager allocales one DSP module {or intermediate level procesming, During
currenk window distribution, window manager anticipates Lthe parametors programmation of the

nexl window, Then, when current distribution is completed, window manager urdem Lhe next
distribution without delay.

Window processing control: for exeh DS madule, winduw manager initializes windows
processings parameters (number of windows, grometnic feature to be extracted,...) through VME
bus and asks for Lhe procesing. DSP modules point oui the end of pracessing to manager: then,
results are avilable lor high level processing and can be reasl through VME bus.

Windaw manager schedules intermediate level processings with respect te p priotity distribution
lisi. To establish this list, window manager calculates computer load with the following parame-
ters, window sise, number of windows to be procesed, and choice of intermediate level processings,
Scheduling occures with fully load balancing through the madium level processing, arma. At the end of
the whole processings, window manager order to swapp image memory in the distributor module: a
new distribution can ocour.

4 Performance Analysis

4.1 Conptext of the Evaluation

o evaluate the performance of this architeclure, window manager software was writlen in O langnage
We desipn & modal of this archilesiure and simnlate the algorithrms often used in such apphcations. This
model includes only one window distributor amnd one Lo sixteen DSP modules. We evaluals sxecabion
time on workstalion (GR050 based cpu). Simulation results are described o Uhe lollowing sections.




4.2 Geperal Performance Evaluation

In & first part, evaluation concerns low and imntermediate leve] pr._,...'_;‘:;.;.;i“:.r_, We have chose maximum of
gradisnt detaeclion and Hﬂ'ltsh transform for Lhe corresponding processing levels, Number of distributed
windows and number of DSP modulws are considered as parameters of the simulation. Windows size
i% fixed to GAxGE pmxels

We have simulaved architecture for the provessing of differant oumber of windows. The f.u:.l]owma figures
concern the processing of 64 windows -

& In figure 7, the simulation results show thal running time decrenses with the number of DSP
modules but video rate in never reach. Thiree plots are preswnLed

= phot {a) - run ning time takes inte account T (Communication time with one DSP)
- plot (b) : funmiog time doess not take into aceount Te
plot {c) : video rate
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Figure 7: Distribution of 64 Windows 64x64d

» [igure B pives the evelution of the Efficiviey (E)} and of the Gain (@) (for the definitions of
Efficiency and Gain, nee [R])
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Figure 8. Efficiency and Gain of WINDIS archilecture

Architecture lirmits appeared in the plots belween 11 to 14 DSPs which is closed to Lheorical limit
defined by Nopt = Te/Te (Te . runmng, bme of one 6464 window). Tn our case, ‘T'e — 6.5 ms
and Te = 0,5 ma then theorical limit i3 ; Nopt = 13. This imit can be gEreater or equal Lo 16 i
Te in preaver or rgqual to 8§ me,



v I'iplurrr 9 shows how to exocote processing of 64 windows at video rate. Tu reach Lhis airm, it 18
necessary to divide Procesaing, of 64 windows inko 2 processings of 32 windows, As shown in figure
8, processing excculion time bas a valae of 43 ms | point A ) and hecome 37 ms ( point B ). In
this case, Lwo windows distributors are necessa ¥ anid wach of them v associated with 6 DS Pa.

Comparlson of sxecution rima with Te
B wAndows or 2 ¥ 12 windiws
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Figure 9. Solutien o reach real Lime video

4.3  Simulation Resulls on a Specific Application

In a secoml [rart, we thseuss the ‘l’l“f!il-_'r' of this architectuie lL||r1.l||‘\|._|l,|| @ ri[rr'rilir' .'l.p]'l'hr-'li.li.'ll'l.' auntomatic
vehicle gmdanee on highway, Le laboratoire de Clermunt Fremnd has develspped an algorithim uaing
data provided by an on hoard camera, which allows to estimale the current position of the vehicle
wikh respect o a normalized road [1]. [ﬁl The local model of the roud involves fives parameters which
are updated ai each image: road curvatues, lateral offset from the siraight line, side sliping angle and
Wo paraimelers characlenizing camera location (tilt and elevation). Vehicle parameters are given by n
Foalman Filtering { figure 10 )

Prediction —*

Measurement

Fstimation

Figure 10: Visual servomng control secheme

# Prediclion step - From the [ k- 1 ) th pusition of the vehicle, high level module predicte in
the image the locations of several arcas of inlerest close to the road lines.

s Measurement step : into each area, a gradieut algonithim s perlormed row by row, It provides
a list of masima points which are merged by means of & Hough vransform.

¢ Lstimation step : From the measurements, the parameters of the road model are upilatesd




Simulation of this architecture has besn pecformed and it performancies hae been svaluated, In
this simmlation, we take into account the distnibution algonithm involving several windows with vanous
aized and the processing times correponding to image algorithms and data tranafert on the bus. Only
'.III' iTII.L‘I:I'H Il'l'l“'m'i.l‘l]ﬂﬁ l”‘rl'f"F'HIIIIHTIE, Lo rnsasurermenls Fil.l".II I'H'H‘i ]‘:an TI!['IHIIH‘HTH-L'FH'I. F‘Ilr I.l"IH HITTIII[JII-;IIII

needs, we selected 30 simultaneous windows per image with different sizes [ 30x30, 40x40, 45x45, 50x50
and Bdx84 | ''he results oblained from simulation show Lhat

¢ All the winduws are processed during only one video frame cycle (les than 30 om )

s Only single distributer module and four DSPs modules are sufficient. The computer load is fully

]Jd.]nl.-llidﬂl LA L H 1-"“‘.1“: I.IHJ r IIIEF!1II[I1:1 t T Lol w‘|||l||uw:1 akdLd |iHI1J=1H!HI !I"' I'.-H.II rr1ll!l|-l|l=i.

In conclusion, WINDIS architecture has great capabilities in real time video processing. Modularity
i low and intermmdliate evel processing allows us to defined an Adapted Applications Configuration.
When clementary processing execution time 15 too small, a hmat appeared 1o this architecture due to
the excess of communication time (Te) compared to elementary procesmng execation time (Te)

5 Conclusion

Simulation of this architecture has been performed and its performances has been evaluated. lo this
sirrmlation, we Lake into aceounl the distribution dgorithm involving several windows wilh varions siees
and Lhe processing Limes corresponding to image algorithms and data tranafert on the bus, Only the
image processings corresponding to the measuremesnt step have bean considerated.

Our progect is oow inibs design phase and fiest resulls are expected next year. The cards sausly
Lo VME standard requirermnents. I'wo boards are presently in development : the first one implements
all the low level processings as defined above, the second, based on TSP processors, 19 devoied to the

imermediate level processings. Lach intermediate level processing board can receive up to four DSP
based modules.
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